Photoelectrocatalytic oxidation (PEC) was evaluated as a disinfection technique using water and secondary treated wastewater spiked with Escherichia coli and Enterococcus faecalis. PEC experiments were carried out using a TiO 2 /Ti-film anode and a zirconium cathode under simulated solar radiation. Bacterial inactivation was monitored by culture and quantitative polymerase chain reaction (qPCR). Inactivation rates were enhanced when the duration of the treatment was prolonged and when the bacterial density and the complexity of the water matrix were decreased. E. coli cells were reduced by approximately 6 orders of magnitude after 15 min of PEC treatment in water at 2V of applied potential and an initial concentration of 10 7 CFU/mL; pure photocatalysis (PC) led to about 5 log reduction, while electrochemical oxidation alone resulted in negligible inactivation. The superiority of PEC relative to PC can be attributed to a more efficient separation of the photogenerated charge carriers. Regarding disinfection in mixed bacterial suspensions, E. coli was more susceptible than E. faecalis at a potential of 2V. The complex composition of wastewater affected disinfection efficiency, yielding lower inactivation rates compared to water treatment. qPCR yielded lower inactivation rates at longer treatment times than culture techniques, presumably due to the fact that the latter do not take into account the viable but not culturable state of microorganisms.
INTRODUCTION
The growing demand for clean water and wastewater, free 
MATERIALS AND METHODS

Bacterial strains and wastewater
The bacterial strains used as reference fecal indicators in the present study were Gram-negative E. coli ATCC 23716 and Gram-positive E. faecalis ATCC 14506 (American Type Culture Collection, Rockville, MD, USA). Suspensions of bacterial indicators were prepared in sterile distilled water, which was used as a sample for water disinfection experiments. The concentration of bacterial cells in the suspension was estimated measuring its optical density at 600 nm (Shimadzu UV1240 spectrophotometer). The bacterial concentrations used in this study were within the range of 10 4 -10 8 CFU/mL. Plate counts were also performed for accurate bacterial count.
Wastewater disinfection experiments were carried out in real wastewater collected from the outlet of the activated sludge unit (prior to chlorination) of the municipal wastewater treatment plant of Chania, W. Crete, Greece. Its 
Culture method
The detection and enumeration of E. coli and E. faecalis in the solution were performed using the serial dilution streak plate procedure. The media used in the study were HiCrome 
DNA extraction
Genomic DNA was extracted performing chemical lysis and phenol/chloroform/isoamyl alcohol (25:24:1) extraction.
Namely, the cells were spun for 2 min and were lysed for Anode (working electrode):
RESULTS AND DISCUSSION
Cathode (counter electrode): where the subscripts cb and vb denote the conduction and valence bands, respectively, h þ and e À denote the photogen- 
Effect of initial bacterial concentration
The influence of the initial E. coli concentration on PEC disinfection ability is presented in Figure 2 . Conventional culture technique (Figure 2(a) ) showed that the rate of PEC disinfection was inversely proportional to E. coli concentration in water samples. Total inactivation was achieved in a relatively short treatment time (i.e. within approximately 15 min) only when bacterial inoculum contained 10 5 CFU/mL, while at higher concentrations residual E. coli cells were determined even after 60 min.
For instance, at an initial concentration of 10 8 CFU/mL, a 5.5 log reduction was achieved within 30-60 min of treatment, beyond which no further inactivation was recorded.
SYBR green qPCR was performed to detect the potential presence of live non-culturable bacterial cells. Our effort was to evaluate the consistency of E. coli cells, taking into account that cultivability is not synonymous with viability (Rémy et al. ) . qPCR showed different periods of microbial inactivation (Figure 2(b) ) compared to plate counts. Inactivation rates were quite similar when initial genome copies were 10 7 and 10 5 /mL, as there was no enhancement of the process after 40 min of treatment. 
Effect of mixed bacterial populations
In a set of experiments, an attempt was made to evaluate the disinfection efficiency of PEC at 2V in water samples containing two bacterial populations. In this sense, sterile water samples were inoculated with either 10 7 CFU/mL E. coli or 10 7 CFU/mL E. faecalis or both. The results from culture technique and qPCR are summarized in Figure 3 .
Screening the inactivation profiles of the tested bacterial strains individually, E. coli seems to be less resistant than When E. coli and E. faecalis were inoculated together in water samples, the extent of inactivation for either strain was lower than that of their individual treatment. This may be attributed partially to the elevated initial bacterial concentration, whose influence on PEC has been discussed previously ( Figure 2 ). Other possible explanations would include the presence of competitive microorganisms and the interaction amongst them and/or the competition for AOS between the bacteria and the organic by-products, released to the solution by the inactivated bacteria (Baram et al. ) . In the present study, although PEC seems to be capable of inactivating the fecal indicators used to a certain extent, the residual cells raise concerns about the suitability of the method for disinfection of complex samples, containing various bacterial populations.
These findings are more obvious in qPCR results (Figure 3(b) ), which reveal longer periods required for bac- 
Disinfection in real wastewater
PEC was also employed to disinfect biologically treated effluents taken just before the chlorination step. Sterilized samples were inoculated with approximately 10 7 CFU/mL or 10 4 CFU/mL E. coli (Figure 4 ). In this set of experiments, a higher value of applied potential (5V) was chosen to highlight its effect on bacterial inactivation. Given that (i) the aqueous matrix was real wastewater, which is generally con- As seen in Figure 4(a) , total E. coli inactivation occurred in almost 15 min when the initial cell density was 10 4 CFU/ mL and this increased to 90 min at 10 7 CFU/mL. The degree of disinfection was also determined by means of qPCR, estimating bacterial genome copies remaining in the aqueous solution after treatment (Figure 4(b) ). Comparing findings from both procedures there was a significant contrast, as already seen in previous experiments conducted in the present study. qPCR showed that, even after 90 min of PEC • E. faecalis are more resistant than E. coli bacteria during PEC treatment in water samples. Furthermore, the disinfection efficiency is directly affected by the sample composition and the contained mixed bacterial populations. In complex samples, bacteria are more physically protected, resulting in lower inactivation rates.
• There was a considerable contrast between colony counts and qPCR results concerning the required time for total bacterial inactivation. qPCR data revealed longer periods required for complete bacterial inactivation, compared to the time estimated by culture method. Stressed conditions generated during PEC treatment may induce VBNC state of bacteria, which could explain the discrepancy between the applied quantitative methods.
Additionally, in order to establish the accuracy and reliability of qPCR certain factors should be under consideration. These include detection limits of the method, amplicon size, primer sequence, cycling conditions and inhibitors present in the processed sample.
• For large scale applications, the use of sunlight as a renewable energy source would undoubtedly be beneficial to induce photocatalytic reactions, as well as provide the necessary electric field, thus promoting the principle of sustainable development.
